Measurements of the absorption spectrum of Si, made with high resolution, near the main absorption edge, at various temperatures between 4. 2'K and 415'K, have revealed Gne structure in the absorption on the long-wavelength side of this edge. This structure has been analyzed and can be interpreted in terms of indirect transitions involving, in general, phonons with energies corresponding to temperatures of 212'K, 670'K, 1050'K, and 1420'K. The form of the absorption associated with each type of phonon indicates that, as well as the formation of free electron-hole pairs taking place, excitons with a binding energy~0.01 ev are produced in the absorption process. The temperature dependence of the indirect energy band gap has been found and using this along with data on the intrinsic carrier density indicates an increase with temperature of the combined density-of-states efI'ective mass of the electrons and holes. A smoothing out of the basic features of the curves is observed and shown to be consistent with relaxation broadening. A discussion of the significance of the energies of the phonons taking part in the indirect transitions to the lattice vibrational spectrum of Si is given.
INTRODUCTION
' 'N a recent publication, ' it was shown how the use of~m uch higher optical resolution than had previously been available' revealed fine structure in the absorption spectrum of Ge near the main absorption edge. This fine structure was interpreted satisfactorily in terms of indirect optical transitions, and from it considerable information about the band structure and vibrational spectrum of Ge was obtained. As a continuation of previous work on the absorption spectrum of Si, ' we have remeasured this spectrum under higher resolution and have resolved a fine structure near the main absorption edge similar to that in Ge. We have been able to explain this also in terms of indirect optical transitions. In this paper, we wish to discuss detailed analysis of this structure in the Si absorption curves and the information which can be obtained from it.
Although the methods of analysis used and the type of results found for Si are similar to those for Ge, we have been able to extend the analysis in Si to several features which we did not discuss in the case of Ge. We have succeeded in resolving the contributions to the indirect transitions not only from the two acoustical phonon branches but also from the two optical phonon branches in the (100) directions, these being the directions in which the Si conduction band minima are known to lie. It has been possible to find the detailed energy dependence of these contributions only for the two associated with the acoustical phonons; these two contributions contain knees which were discussed in I and shown to be characteristic of exciton producing t A preliminary report on some oi the results discussed in this paper was given at The Fifth International Conference on I.omTemperature I"hysics and Chemistry, Madison, Wisconsin, August, 1057 (to be published), and a paper describing the work was read at the Spring (1958) Meeting of The Physical Society (London).
* This paper is published by permission of the controller, Her Britannic Majesty's Stationery Ofhce. 'Macfarlane, McLean, Quarrington, and Roberts, Phys. Rev. 108, 1377 (1957) . We shall refer to the paper as L 2 G. G. Macfarlane and V. Roberts, Phys. Rev. 97, 1714 (1955 . G. G. Macfarlane and V. Roberts, Phys. Rev. 98, 1865 (1955 In the following sections, we shall first of all discuss the details of the experimental procedure adopted in making the measurements followed by a presentation of the experimental results and a discussion of their analysis. Finally, we shall consider the information about excitons, band structure, and the lattice vibrational spectrum which can be deduced from this analysis.
EXPERIMENTAL PROCEDURE
The preparation of specimens and subsequent measurements were carried out in essentially the same way as described in I. perature being raised by electrically heating a highboiling-point liquid in the absorption cell.
The radiation detector was a lead sulfide cell. The third-order spectrum from the diGraction grating was used, the spectrometer being calibrated using the several orders of the Hg green line (0.546074 micron. ) In the absorbing region the slit widths ranged from 5)(10 4 ev to 10 ' ev at the higher energies. Wavelengths )
were converted into energies E by the relation EX =12400)(10 -' ev cm which may be compared with EX= (12397.8+0.5))&10 ' ev cm given by Dumond and Cohen. 4 Values of the absorption coe%cient E were calculated from the relation cant. It is clear therefore that, unless there is a very uniform distribution of sensitivity over the detector surface, a small uncertainty will be introduced into the measured transmission ratio. These difhculties were kept very much in mind since photoconductive cells are far from ideal in this respect and vary considerably from one to another. A cell specially selected for uniformity was used and the optical alignment was carried out in such a way as to minimize any errors of the kind mentioned.
As was found for Ge, the values of to were greater than those deduced from the refractive index data of Briggs' by about 3% on the average, but were consistent among themselves to &1%for all specimens and at all temperatures. We are confident, therefore, that the uncertainties in to are so small as to have a negligible eGect on the subsequent analysis of the data. The reduction of the data for small values of to -t is discussed further in Sec. 2.
Routine reduction of the data and its tabulation in a suitable form for subsequent analysis was carried out by means of the laboratory's electronic computer.
RESULTS
The experimentally determined absorption curves are presented for a series of temperatures from 4. 2'K to 415'K in Fig. 1 ' We shall work in terms of the more significant quantity e for Si rather than E. as was done in I for Ge. It is more important to include the hv factor in Si due to the larger energy range covered by the measurements. Indirect transition theory leads one to expect that n;, (hv -E,.(T), T) a, (T)/exp(8;/T) -1] 'n;(hv -E;,(T), T) (4) and n;.(hv -E;,(T), T) =a;(T)$1 -exp( -8;/T)$ 'n, (hv -E;,(T), T) (5) where a;(T) is some weakly temperature-dependent factor which we define to be unity at zero temperature.
Vile show here an explicit dependence of 0.~on T alwhere and n;, (E,T)/n;, (E,T) = exp(8;/T) As is seen from Fig. 2 , both n~and e2 begin with a well defined knee and eventually Batten oG to rise roughly quadratically with energy. As the temperature is raised, however, these knees become smoothed out in a manner typical of relaxation broadening. This smoothing out can clearly be seen from the curves in Fig. 1 . A detailed study of the variation of the shape of the knees in n~and n2 with temperature showed that the variation can be explained by taking a basic shape which is subject to a temperature-dependent broadening of a Gaussian type. This broadening is applied of course to the whole component, but produces no signi6cant change in shape in the upper region where the energy dependence is essentially quadratic. The basic shape of 0, 2, the larger component, is described empirically by as(hv -Es) = 18.08(hv -Ep)t+P(hv -Ep -0.0055), (6) where absorption is measured in units of cm ' and energy in ev. Eo is the threshold for the component, and the function P(E) which is shown in Fig 
Pro. 5. The effect of Gaussian broadening on the basic shape 0,~.
Each curve is labeled with the appropriate half-width 0-in ev and the vertical lines define the energy thresholds for the curves. The two arrows mark the threshold energies of the two components of the basic shape which rise as (AE)& and which correspond to transitions to the ground and first excited states of the exciton.
where 0-is a function of temperature and is a measure of the broadening of the basic shape. In Fig. 5 (4) and (5) with temperature. 
General
The most obvious conclusion which can be drawn from the analysis just described is that, up to 415'K, the absorption is due to indirect optical transitions for low absorption levels ((50 cm '). 
Band Structure and Excitons
Eg(T) =E(T)+E. ,
where E,"0. 01 ev and is not expected to be temperature dependent. Figure 9 therefore The fact that the electronic energy gaps associated with the four types of phonons all turn out to be the same indicates that the electronic transitions producing absorptions at the threshold energy of each component are the same. To understand the nature of these transitions and the significance of the energy gap E(T), we must discuss the shapes of the various absorption components. We shall confine our discussion to the shapes of the two components n~and n2 associated with the acoustical phonons, since the detailed shapes of the other two components e~and O4 are not well known, especially close to their threshold energies. Disregarding the broadening effects, which are of secondary importance and which will be discussed later, the basic shapes of n, and n' are described by expressions (6) and (8).
Both rise from their thresholds as (AE)' and this energy dependence continues over the first 0.0055 ev. At this point another contribution begins and this also rises as (AE)'* initially but finally settles down to an almost quadratic energy dependence. This behavior is very similar to that found for the basic shape g(E) in I for Ge and which was shown to be consistent with indirect exciton-producing transitions giving the initial rise as E', the eventual rise as E' being due to band-to-band transitions becoming the more important. A similar interpretation can be given to the two basic shapes oã nd o 2, for, as Dresselhaus' and Elliott" have shown, the lowest exciton bands in Si have their minima at the same points in k space as does the conduction band; at these points, Dresselhaus estimates from the hole and electron effective masses the exciton binding energy to be 0.01 ev. The energy difference of 0.0055 ev, found from the analysis of n& and n2, between the two contributions behaving as (AE)l therefore represents the difference in energy of the ground and first excited states of the exciton. With We have also investigated, as in I, the relationship between the temperature dependence of the indirect energy gap, Ez, obtained from our measurements, and the intrinsic free-carrier density, e;, obtained from electrical measurements. The theoretical relationship between these two quantities is e, =4.82X10"T'(m/ms)'E, ' exp( -Eg/2kT), (13) V, being the effective number of minima in the conduction band, mo the free electron mass, and m the combined density-of-states effective mass for holes and electrons. Experimentally, e; has been found to vary as n, = A Tl exp( -8/2kT).
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